Degeneracy in the genetic code and its symmetries by base substitutions by Jestin, Jean-Luc
'HJHQHUDF\LQWKHJHQHWLFFRGH
DQGLWVV\PPHWULHVE\EDVHVXEVWLWXWLRQV
-HDQ/XF-HVWLQ
8QLWpGH&KLPLH2UJDQLTXH'pSDUWHPHQWGH%LRORJLH6WUXFWXUDOHHW&KLPLH,QVWLWXW3DVWHXU
UXHGX'U5RX[3DULVFHGH[)UDQFH
$EVWUDFW
:K\LVWKHJHQHWLFFRGHWKHZD\LWLV"7KHPRVWVXFFHVVIXOWKHRU\VWDWHVWKDWWKHFRGRQ
DVVLJQPHQWVPLQLPLVHWKHHIIHFWVRIHUURUVDULVLQJLQSULPRUGLDOOLYLQJV\VWHPV +HUH
DWUDQVYHUVLRQLVUHSRUWHGWKDWOHDYHVLQYDULDQWGHJHQHUDF\LQWKHJHQHWLFFRGH$PRGHO
ZDV HVWDEOLVKHG WR DGGUHVV WKH TXHVWLRQ +RZ VKRXOG VHWV RI V\QRQ\PRXV FRGRQV EH
FKRVHQWRPLQLPLVHWKHGHOHWHULRXVHIIHFWVRIQRQV\QRQ\PRXVVXEVWLWXWLRQV",WLVVKRZQ
WKDWWKHDULWKPHWLFWKHRU\RITXDGUDWLFIRUPVSURYLGHVWKHIUDPHZRUNIRUGHJHQHUDF\LQ
WKHJHQHWLFFRGH
3ULPRUGLDO OLYLQJ V\VWHPV UHTXLUH WKH FRRSHUDWLRQ EHWZHHQ QXFOHLF DFLGV DQG SURWHLQV DV
VKRZQ E\ 51$GLUHFWHG SURWHLQ V\QWKHVLV DQG E\ SRO\PHUDVHFDWDO\VHG QXFOHLF DFLG
DPSOLILFDWLRQ 5HGXFLQJ WKH HIIHFWV RI ELRFKHPLFDO HUURUV LQ WKHVH SULPRUGLDO V\VWHPV
KDVRIWHQEHHQVXJJHVWHGDVWKHPDMRUIRUFHVKDSLQJWKHJHQHWLFFRGH6\PPHWULHVRI
WKHGHJHQHUDF\SDWWHUQE\EDVH VXEVWLWXWLRQVDUH LQWULQVLFSURSHUWLHVRI WKHJHQHWLFFRGH 
7KH\VXJJHVWHGWKHXVHRIJURXSWKHRU\DVDPDWKHPDWLFDOIRUPDOLVP7KHVHV\PPHWULHV
DUH VKRZQ KHUH WR GHULYH DOJHEUDLFDOO\ IURP WKH FDOFXODWLRQ RI QRQ V\QRQ\PRXV EDVH
VXEVWLWXWLRQVIRUVHWVRIV\QRQ\PRXVFRGRQV
/HW XV FRQVLGHU WKH JHQHUDO FDVH RI D GHJHQHUDWH FRGH RI Q FRGRQV WKDW DUH NEDVHV ORQJ
EE«EN7KHGHJHQHUDF\SDWWHUQLVVXFKWKDWWKHUHDUHZ VHWVRIV\QRQ\PRXVFRGRQV7KH
DYHUDJH QXPEHU6 RI QRQV\QRQ\PRXV VXEVWLWXWLRQV RYHU WKH HQWLUH FRGLQJ VHTXHQFH RI WKH
UHSOLFDWLQJ V\VWHP FDQ EH ZULWWHQ DV D IXQFWLRQ RI WKH QXPEHU RI QRQV\QRQ\PRXV
VXEVWLWXWLRQVIRUHDFKVHWD RIV\QRQ\PRXVFRGRQV
/HW XV IRUPXODWH WKH QXPEHU RI QRQV\QRQ\PRXV VXEVWLWXWLRQV 6D IRU D VHW RI V\QRQ\PRXV
FRGRQVD DVDIXQFWLRQRIWKHQXPEHURIVXEVWLWXWLRQVRIDQ\FRGRQLLQWRDQ\FRGRQM,WLVWKH
VXP RYHU DOO V\QRQ\PRXV FRGRQV RI WKH QXPEHU RI PXWDWLRQV WR DQ\ FRGRQ WKDW GRHV QRW
EHORQJWRWKHVHWRIV\QRQ\PRXVFRGRQV
0LVWKHQ[QPDWUL[ZLWKFRHIILFLHQWVPLMZKLFKDUHWKHQXPEHURIVXEVWLWXWLRQVRIFRGRQLLQWR
FRGRQMPLM  IRUL M7KLVJHQHUDOIRUPDOLVPWDNHVLQWRDFFRXQWWKHIDFWWKDWWKHILGHOLW\RI
QXFOHLFDFLGSRO\PHUDVHVLVKLJKO\GHSHQGHQWRQVHTXHQFHFRQWH[W $UHODWHGIRUPDOLVP
KDVEHHQXVHG WRHVWLPDWHPXWDWLRQDO µGHWHULRUDWLRQ¶ IRUDQ\FRGRQVXEVWLWXWLRQ [D LV WKH
YHFWRU [ [« [Q ZLWK [L    LI FRGRQ L EHORQJV WR WKH VHW D RI V\QRQ\PRXV FRGRQV RU
RWKHUZLVH[L  WKHV\PEROaRQDYHFWRULQGLFDWHVLWVWUDQVSRVH LVWKHQWXSOH«\D
6 6D  6D 
Z
>@
;D0 \D  6Da >@
WKHYHFWRU\\«\QDQG\D  [DW51$PLVDPLQRDF\ODWLRQZKLFKDOWHUVWKHQXPEHURI
QRQV\QRQ\PRXVVXEVWLWXWLRQVFDQEHIXUWKHUWDNHQLQWRDFFRXQWDVIDFWRUVFRUUHFWLQJ[D DQG \D
)RU HDFK FRGRQ L EHORQJLQJ WR WKH VHW D RI V\QRQ\PRXV FRGRQV PLVWUDQVODWLRQ E\ WKLV
PHFKDQLVPLVHTXLYDOHQWWRVHWWLQJ[L  DL ZLWK DL WDNHQDVDUDWLRQDOFORVHWRKLJKHUWKDQ
DQGYDU\LQJZLWKFRGRQ LEHORQJLQJ WR WKHVHWDRIV\QRQ\PRXVFRGRQVRWKHUZLVH DL   IRU
FRGRQ L QRW EHORQJLQJ WR WKH VHW D RI V\QRQ\PRXV FRGRQV )XUWKHUPRUH WKH VXEVWLWXWLRQ RI
FRGRQLRIWKHVHWD LQWRWKHQRQV\QRQ\PRXVFRGRQMFRPELQHGZLWKDQDSSURSULDWHW51$PLV
DPLQRDF\ODWLRQLVHTXLYDOHQWWRDFRUUHFWWUDQVODWLRQRIFRGRQLDQGWKHUHIRUHQRWFRXQWHGDVD
QRQV\QRQ\PRXV VXEVWLWXWLRQ EM LV LQWURGXFHG DV D UDWLRQDO FORVH WR  VPDOOHU WKDQ  DQG
YDU\LQJZLWKFRGRQM VXFKWKDW\M  EM RURWKHUZLVH\L  LIFRGRQLEHORQJVWRWKHVHWD7KHOHIW
SDUWRIHTXDWLRQ>@LVDTXDGUDWLFIRUPZKRVHQ[QPDWUL[LVV\PPHWULF 7KHTXDGUDWLF
IRUPLVFRQVLGHUHGRYHUWKHVHW4 RIUDWLRQDOQXPEHUV
)RUWZRTXDGUDWLFIRUPVWREHHTXLYDOHQWRYHU4 LW LVQHFHVVDU\DQGVXIILFLHQW WKDW WKH\DUH
HTXLYDOHQW RYHU HDFK SDGLF ILHOG 4S DQG RYHU 5 4  7KH SDGLF GLVWDQFH
FKDUDFWHULVLQJWKH ILHOG4S LVDQXOWUDPHWULFPHDVXUH)RUH[DPSOH WZR LQWHJHUVDDQGE DUH
QHDUSDGLFDOO\LIWKHLUGHFRPSRVLWLRQLQWRSULPHQXPEHUVKDYHLQFRPPRQDKLJKSRZHURIS
WKHLUGLVWDQFHFDQEHGHILQHGDVSDZKHUHDLVKLJKHVWFRPPRQSRZHURIS,WVDWLVILHVWKH
UHODWLRQ QRUPD  E  VXS>QRUPD QRUPE@ 7KH OLQN EHWZHHQ VXFK PHDVXUHV DQG
SK\ORJHQHWLF WUHHVZDV HVWDEOLVKHG 7KHQHHG WRGHILQHQHDUQHVV UHODWLRQV LQPROHFXODU
HYROXWLRQKDVEHHQSRLQWHGRXW7KHQXPEHURIVXEVWLWXWLRQVIURPFRGRQLWRFRGRQMLV
SURSRUWLRQDOWRWKHSURGXFWIRUDOOFRGRQEDVHVRIWKHSUREDELOLWLHVIRUHDFKEDVHWRPXWDWHRU
QRW LQ D JLYHQ VHTXHQFH FRQWH[W7ZR VXFK QXPEHUV FDQ EH GHILQHG DV QHDU LI WKH\ KDYH D
SUREDELOLW\DVDFRPPRQIDFWRU
6RDVWREHLQGHSHQGHQWRI WKHYHFWRUEDVLVFKRVHQ LQFOXGLQJWKHRUGHURI WKHQFRGRQV WKH
FODVVRIHTXLYDOHQWTXDGUDWLF IRUPVDVVRFLDWHG WR WKH VHWD RI V\QRQ\PRXVFRGRQV LV IXUWKHU
FRQVLGHUHG $ FODVV RI TXDGUDWLF IRUPV RYHU 4S LV GHILQHG E\ LWV LQYDULDQWV ZKLFK DUH
UHVSHFWLYHO\WKHUDQNWKHGHWHUPLQDQWG ZKLFKLVSDUWRIWKHTXRWLHQWJURXS4S4SDQGWKH
+DVVHLQYDULDQWH ZKLFKHTXDOV
7KHGHJHQHUDF\SDWWHUQRIWKHJHQHWLFFRGHFDQWKHQEHPDSSHGWRWKHLQYDULDQWVRIWKHVHWRI
FODVVHV RI TXDGUDWLF IRUPV RI GLPHQVLRQ Q   RYHU 4S )LJV  DQG  7KH LQYDULDQWV
FKDUDFWHULVHWKHVHWVRIV\QRQ\PRXVFRGRQV7KHVHWRIFRGRQVFDQEHGLYLGHGLQWRDVHWRI
FRGRQVQRWHGJURXS,9ZKRVHWKLUGEDVHGRHVQRWKDYHWREHVSHFLILHGVRDVWRGHILQHDQ
DPLQRDFLG)RUWKHRWKHUFRGRQVQRWHGJURXS,,WKUHHEDVHVKDYHWREHVSHFLILHGVRDVWR
GHILQH XQDPELJXRXVO\ DQ DPLQR DFLG RU D VWRS VLJQDO 5XPHU REVHUYHG WKDW WKHUH H[LVWV D
XQLTXHV\PPHWU\H[FKDQJLQJJURXS,9LQWRJURXS,,ZKLFKVXEVWLWXWHV*LQWR77LQWR*
& LQWR$ RU$ LQWR& DQGZKLFK DSSOLHV WR DOO FRGRQ EDVHV  $QRWKHU XQLTXH V\PPHWU\
GHVFULEHGKHUHH[FKDQJHVHDFKJURXSLQWRLWVHOIE\VXEVWLWXWLRQRI*LQWR&&LQWR*$LQWR7
RU 7 LQWR $ DSSOLHG WR WKH ILUVW FRGRQ EDVH )LJ  ,W LV DOVR FOHDU IRU WKH YHUWHEUDWH
PLWRFKRQGULDOJHQHWLFFRGHWKDWDWUDQVLWLRQDSSOLHGWRWKHWKLUGFRGRQEDVHLVDV\QRQ\PRXV
PXWDWLRQ)LJ*LYHQDFRGRQDVVLJQHGWRDJURXSWKHWKUHHV\PPHWULHVGHILQHDVHWRI
WKUHH FRGRQV ZKRVH JURXS DVVLJQPHQWV DUH WKHQ SUHGLFWHG 7KH WKUHH V\PPHWULHV DUH
DVVRFLDWHGWRDOOWKUHHW\SHVRIEDVHVXEVWLWXWLRQVWUDQVLWLRQVDQGWUDQVYHUVLRQV)RUSWKHUH
DUHFODVVHVRITXDGUDWLFIRUPVRYHU4S FIJURXS,9DQGIRUS WKHUHDUHFODVVHVFI
JURXS,,7KH+DVVHLQYDULDQWH ZKLFKHTXDOVFDQEHDVVRFLDWHGWRWKHXQLTXHV\PPHWU\
H[FKDQJLQJHDFKJURXS LQWR LWVHOI7KHGHWHUPLQDQWKDV UHSUHVHQWDWLYHV IRUS FI JURXS
,9DQGUHSUHVHQWDWLYHVIRUS FIJURXS,,7KHGHWHUPLQDQWEHORQJVWR WKHTXRWLHQW
JURXS4S4S ZKLFKFDQEHFRQVLGHUHGIRUSDVDWZRGLPHQVLRQDOYHFWRUVSDFHRYHUWKH
ILHOG) RIWZRHOHPHQWVFIJURXS,9IRUZKLFKWZREDVHVKDYHWREHGHILQHGDQGIRUS 
DVD WKUHHGLPHQVLRQDOYHFWRUVSDFHRYHU) FIJURXS,,IRUZKLFKWKUHHEDVHVKDYHWREH
GHILQHG
,QWKLVPRGHOWKHIRXUEDVHVDUHDVVRFLDWHGWRWKHIRXUHOHPHQWVRI)[)IRUERWKFRQGLWLRQV
S DQGS7KLVPRGHOFRQILUPVWKDWWKUHHEDVHFRGRQVDUHVXIILFLHQW,WSXWVDOVRDQXSSHU
OLPLWWRWKHQXPEHUZ RIV\QRQ\PRXVFRGRQVHWVSUHVHQWLQWKHJHQHWLFFRGHRI 
7ZHQW\ DPLQR DFLGV EHORQJ WR WKH VWDQGDUG VHW RI DPLQR DFLGV DV RQH VHW RI V\QRQ\PRXV
FRGRQVLVDWWULEXWHGWRWKHVWRSVLJQDODQGDVWKHWKUHHDPLQRDFLGVHQFRGHGE\VL[FRGRQVLQ
WKHVWDQGDUGJHQHWLFFRGH/HX$UJDQG6HUDUHFRQVLGHUHGHDFKDV WZRVHWVRIV\QRQ\PRXV
FRGRQVRQHEHORQJLQJWRJURXS,9DQGRQHEHORQJLQJWRJURXS,,7KHQXPEHURIDPLQR
DFLGV FRGHG ZLWKLQ WKH JHQHWLF FRGH YDULHV DPRQJ WKH YDULRXV NQRZQ JHQHWLF FRGHV WKHLU
GLYHUVLW\ KDV EHHQ GHVFULEHG E\ HYROXWLRQDU\ PRGHOV   DQG FDQ EH FUHDWHG
H[SHULPHQWDOO\  ,W LV RIWHQ DVVRFLDWHG WR VWDUW VLJQDOV DQG WR VWRS VLJQDOVZKRVH FRGRQ
DVVLJQPHQW ZDV REVHUYHG WR RSWLPLVH WKH WROHUDQFH RI SRO\PHUDVHLQGXFHG IUDPHVKLIW
PXWDWLRQV
0LQLPLVDWLRQ RI QRQV\QRQ\PRXV VXEVWLWXWLRQV PD\ KDYH KDG D FHQWUDO UROH IRU WKH
DVVLJQPHQWRIDPLQRDFLGVWRVHWVRIV\QRQ\PRXVFRGRQVDVGHILQHGDERYH
/LQNVEHWZHHQFRGLQJDQGWKHJHQHWLFFRGHKDYHEHHQHVWDEOLVKHG 7KH WKHRUHPRQ
WKH FODVVLILFDWLRQ RI TXDGUDWLF IRUPV RYHU WKH ILHOG RI UDWLRQDO SDGLF QXPEHUV FDQ EH
FRQVLGHUHGDVDQH[WHQVLRQRIFRGLQJWKHRU\WRGHJHQHUDWHFRGHVZKRVHFRGRQV¶HUURUUDWHVDUH
VHTXHQFH GHSHQGHQW 7KH WKHRUHP SURYLGHV WKH DOJHEUDLF IUDPHZRUN WR GHILQH VHWV RI
V\QRQ\PRXV FRGRQV WRJHWKHU ZLWK WKH UHODWLRQV EHWZHHQ WKHVH VHWV DV IRXQG LQ WKH TXDVL
XQLYHUVDOGHJHQHUDF\SDWWHUQRIWKHJHQHWLFFRGH
5HIHUHQFHV
 6RQQHERUQ70LQ(YROYLQJJHQHVDQGSURWHLQV HGV%U\VRQ9	9RJHO+
-$FDGHPLF3UHVV1HZ<RUNSS
 (LJHQ01DWXUZLVV 
 (LJHQ0	6FKXVWHU31DWXUZLVV
 6FKXVWHU3	6WDGOHU3)&RPSOH[LW\
 :RHVH&3URF1DWO$FDG6FL86$ 
 *ROGEHUJ$/	:LWWHV5(6FLHQFH 
 .QLJKW5' )UHHODQG 6 -	/DQGZHEHU / ) 7UHQGV%LRFKHP 6FL

 )UHHODQG6-.QLJKW5'/DQGZHEHU/)	+XUVW/'0RO%LRO(YRO

 6KFKHUEDN9,-7KHRU%LRO 
 6FLDUULQR$%LRV\VWHPV 
 .XQNHO7$-%LRO&KHP 
 .XQNHO7$-%LRO&KHP
 %HEHQHN. -R\FH&0)LW]JHUDOG03	.XQNHO7$ -%LRO&KHP

 &DL+<X+0F(QWHH..XQNHO7$	*RRGPDQ0)-%LRO&KHP

 %HOO -%(FNHUW.$ -R\FH -0	.XQNHO7$ -%LRO&KHP

 /XR/	/L;%LRV\VWHPV
 6HUUH-3$FRXUVHLQDULWKPHWLF 6SULQJHU1HZ<RUN
 &RQZD\ - 	 6ORDQH 1  6SKHUH SDFNLQJV ODWWLFHV DQG JURXSV 6SULQJHU
%HUOLQ
 .LWDRND <  $ULWKPHWLF RI TXDGUDWLF IRUPV &DPEULGJH 8QLYHUVLW\ 3UHVV
&DPEULGJH
 5DPPDO57RXORXVH*	9LUDVRUR0$5HY0RG3K\V
 )RQWDQD:	6FKXVWHU36FLHQFH
 -XNHV7+	2VDZD6&RPS%LRFKHP3K\VLRO %
 1LQLR-2ULJ/LIH(YRO%LRVSKHUH 
 '|ULQJ 9 0RRW] + ' 1DQJOH $ +HQGULFNVRQ 7 / 'H &UpF\/DJDUG 9
6FKLPPHO3	0DUOLHUH36FLHQFH 
 -HVWLQ-/	.HPSI$)(%6/HWWHUV 
 $UGHOO'+	6HOOD* 3KLO7UDQV5 6RF /RQG%%LRO 6FL  

 &KHFKHWNLQ95-7KHRU%LRO 
$FNQRZOHGJHPHQWV
7KH DXWKRU LV JUHDWO\ LQGHEWHG WR * &KULVWRO $ .HPSI DQG ) *XLFKDUG DQG WKDQNV )
&RXUWHV<%HQRLVW6:DLQ+REVRQ$8OOPDQQDQG96KFKHUEDNIRUGLVFXVVLRQVDQGIRU
FULWLFLVPV/LEUDU\IDFLOLWLHVDWWKH(FROH1RUPDOH6XSpULHXUHDQGDJUDQWIURPWKH0LQLVWqUH
GHOD5HFKHUFKH0(157$&,EODQFKHDUHDFNQRZOHGJHG
)LJXUHOHJHQGV
)LJXUH
S LV D SULPH QXPEHU 4S WKH ILHOG RI SDGLF UDWLRQDO QXPEHUV H WKH +DVVH V\PERO G WKH
GHWHUPLQDQW) WKHILHOGRIWZRHOHPHQWV
)LJXUH
*URXS,9FRQWDLQVDOOFRGRQVIRUZKLFKWKHWKLUGFRGRQEDVH1GRHVQRWKDYHWREHGHILQHGWR
VSHFLI\DQDPLQRDFLG*URXS,,FRQWDLQVWKHRWKHUFRGRQV&XUYHGDUURZVLQGLFDWHVXEVWLWXWLRQV
DSSOLHGWRDVLQJOHEDVHDQGWKHVWUDLJKWDUURZDVXEVWLWXWLRQDSSOLHGWRWKHWKUHHFRGRQEDVHV)RU
H[DPSOH*&$7LQGLFDWHVWKHVXEVWLWXWLRQRI*LQWR&&LQWR*$LQWR7RU7LQWR$1 $7*
RU&< 7RU&5 $RU*
)LJXUH
$K\SKHQLQGLFDWHVDVWRSVLJQDO
)LJXUH7KHFODVVLILFDWLRQRITXDGUDWLFIRUPVRIGLPHQVLRQQRYHU4S
)RUSWKHUHDUH FODVVHVRITXDGUDWLFIRUPV7KHLU LQYDULDQWVDUH
H  
G LQ4S4S ZKLFKKDVUHSUHVHQWDWLYHV
DQGZKLFKFDQEHFRQVLGHUHGDVDGLPHQVLRQDOYHFWRUVSDFHRYHU)
)RUS WKHUHDUHFODVVHVRITXDGUDWLFIRUPV7KHLU LQYDULDQWVDUH
H  
G LQ4S4S ZKLFKKDV UHSUHVHQWDWLYHV
DQGZKLFKFDQEHFRQVLGHUHGDVDGLPHQVLRQDOYHFWRUVSDFHRYHU)
)LJXUH 7ZRUHSUHVHQWDWLRQVRIWKHJHQHWLFFRGH¶VGHJHQHUDF\SDWWHUQ
$UHSUHVHQWDWLRQRIWKHWUDQVIRUPDWLRQVFRQVHUYLQJRUH[FKDQJLQJWKH
GHJHQHUDF\SDWWHUQ
$UHSUHVHQWDWLRQRIWKHYHUWHEUDWHPLWRFKRQGULDOJHQHWLFFRGH
*O\ $UJ $OD 3UR 7KU 6HU 9DO /HX
*** &** *&*  &&*$&*7&* *7*&7*
**$ &*$ *&$ &&$$&$7&$ *7$&7$
**& &*& *&& &&&$&&7&& *7&&7&
**7 &*7 *&7 &&7$&77&7 *77&77
3KH?/HX,OH?0HW 7\U?$VQ?/\V +LV?*OQ$VS?*OX &\V?7US6HU?
777?77*$77?$7* 7$7?7$*$$7?$$* &$7?&$**$7?*$* 7*7?7**$*7?$**
77&77$$7&$7$ 7$&7$$$$&$$$ &$&&$$*$&*$$ 7*&7*$$*&$*$
7UDQVYHUVLRQV *7$&
DSSOLHG WR DOO WKUHH FRGRQ EDVHV
7UDQVLWLRQV *$&7
DSSOLHG WR WKH WKLUG FRGRQ EDVH
7UDQVYHUVLRQV *&$7
DSSOLHG WR WKH ILUVW FRGRQ EDVH* & 7&
* * * &&& $ 7
1
$ *$
$$$ & *7
7
7 7
<5<5<5 <5<5<5 <5 <5
*URXS ,9
*URXS ,,
7UDQVYHUVLRQV *&$7
DSSOLHG WR WKH ILUVW FRGRQ EDVH
7UDQVLWLRQV *$&7
DSSOLHG WR WKH WKLUG FRGRQ EDVH
